. Expression of 1 0 1 genes involved in N scavenging and N salvaging are suppressed when preferred 1 0 2 N sources are available. This regulation has been described as nitrogen 1 0 3 catabolite repression (NCR) and its molecular mechanisms have been studied in 1 0 4 detail using Saccharomyces cerevisiae as a model (Cooper, 1982 ; reviewed in 1 0 5
Zhang et al., 2018). 1 0 6 1 0 7 N homeostasis of photosynthetic organisms is challenging as they acquire N 1 0 8
primarily from inorganic N sources such as nitrate (NO 3 -) and ammonium (NH 4 + ). 1 0 9
Assimilation of inorganic N sources requires a significant amount of carbon 1 1 0 skeletons and reducing equivalents thereby becoming a primary sink of 1 1 1 photosynthetic products. Photosynthetic organisms must coordinate N 1 1 2 assimilation and photosynthesis which has been documented in microalgae. 1 1 3
Abrupt N deprivation predicts the accumulation of high-energy electrons that are 1 1 4 otherwise used for N assimilation (reviewed in Turpin et al., 1988) . Such a redox 1 1 5 imbalance can be reversed by diverting excess high-energy electrons to a new 1 1 6 sink such as carbon storage molecules including starch and triacylglycerol (TAG) 1 1 7 as a protective response (Li et al., 2012; Johnson & Alric, 2013) . Conversely, N 1 1 8 assimilation is inhibited when high-energy electron donors are in low 1 1 9 abundances, such as during the dark phase or when limited exogenous carbon 1 2 0 sources are provided in the absence of photosynthesis (Syrett, 1953a ; Syrett, 1 2 1 1953b; Amory et al., 1991; Huppe & Turpin, 1994) . 1 2 2 2
Analysis of neutral lipid content 2 9 3 2 9 4
To quantify the TAG of C. reinhardtii cultures (21gr and sta6), cell suspension 2 9 5 was concentrated to 1 x 10 8 cells mL -1
. Cellular and subcellular fractions were 2 9 6 extracted with methanol-chloroform-formic acid mixture (2:1:0.1, v/v) and phases 2 9 7
were separated by adding 0.5 ml of 1 M potassium chloride (KCl) and 0.2 M 2 9 8 phosphate (H 3 PO 4 ) solution. The organic phase was loaded on silica gel matrix 2 9 9 aluminum plates (20 x 20 cm, Sigma-Aldrich, USA) immersed in 0.15 M 3 0 0 ammonium sulfate solution for 30 minutes and dried for at least 2 days. Lipids 3 0 1 were separated on a thin layer chromatography (TLC) plate using a double 3 0 2 development solvent system (2/3 in acetone-toluene-water (91:30:3, v/v)) and 3 0 3 then fully in hexane-diethyl ether-acetic acid (70:30:1, v/v) in a sealed container. 3 0 4
TAGs were identified using a soybean lipid profile as a reference and scraped off 3 0 5 the TLC plate. The scraped lipids and silica were transferred to a screw cap 3 0 6 glass tube and 1 mL of hexane was added. For the total fatty acid methyl ester 3 0 7
(FAME) analysis, total lipids were extracted by the Bligh-Dyer method (Bligh &  3  0  8 Dyer, 1959) as described in more detail (Kim et al., 2016) . For gas 3 0 9 chromatography analysis, pentadecanoic acid (C15:0) was added to 1 mg mL -1 3 1 0 as an internal standard. All samples were methylated by acid-catalyzed 3 1 1 transesterification using methanol with sulfuric acid (3%, v/v) and heated at 95°C 3 1 2 for 1.5 hours (Lim et al., 2014) . After collection of the organic phase, FAMEs 3 1 3 were analyzed using gas chromatography (Agilent 7890A) with a flame ionization 3 1 4 detector and a DB-23 column (Agilent, USA) with the following working 3 1 5
conditions: injection volume, 1 µL; split ratio, 1:50; inlet temp, 250°C; detector 3 1 6 temp, 280°C; oven temp, hold at 50°C for 1 min, increase to 175°C at 25°C min starvation is the rapid upregulation of N starvation-inducible genes within 0.5 -2 3 5 7 hours after removal of preferred N sources (Schmollinger et al., 2014) . We 3 5 8 selected eight N starvation marker genes representing N scavenging and N 3 5 9 salvaging (Table S1 ). All eight marker genes were highly upregulated, 3 6 0 comparable to N-deprived cells, when NH 4 + -grown cells were transferred to 3 6 1 arginine medium (NH 4 + pre-, Fig. 2 ). Expression of five marker genes remained 3 6 2 high after 24-hrs in arginine media, whereas expression of AIH2, DUR3a, and 3 6 3 LAO1 was reduced ( Fig. 2 ; Table S1 ) which corresponds to their transient 3 6 4 upregulation reported during N deprivation (Schmollinger et al., 2014) . FDX2 3 6 5 expression reduced to the basal level in the 24-hr arginine culture of 137c strain, 3 6 6 but not of the 21gr strain. 3 6 7
Next, we asked whether the observed expression of N starvation-induced genes 3 6 8 was due to a transient cellular condition prior to acclimation in arginine medium 3 6 9 by examining cells acclimated to arginine medium for a week. The arginine-3 7 0 acclimated cells showed comparable upregulation of AMT4, GLN3, NIT1, and 3 7 1 NRT2.1 and reduced but significantly upregulated AIH2, FDX2, and LAO1 3 7 2 expression. DUR3a was the only marker gene that displayed variable expression 3 7 3 patterns: basal level in the 21gr strain, whereas it was upregulated in 137c strain 3 7 4 and returned to the basal level after the transfer to N-free medium. The transfer 3 7 5 of arginine-grown cells to N-free medium did not further upregulate these genes 3 7 6 except for FDX2 which showed an additional two-to three-fold induction. Nitrate 3 7 7
assimilation genes, such as NIT1 and NRT2.1, are primarily activated by NO 3 -via 3 7 8 the NIT2 transcription factor. Their upregulation in N-free and arginine conditions 3 7 9
was comparable between the NIT2 wild-type strain 21gr and the nit2-null strain 3 8 0 137c (Fig. 2) . We further examined NIT2-dependent transcriptional regulation 3 8 1 using THB1 as a marker (Johnson et al., 2014) and found no upregulation of 3 8 2 THB1 in either N-free or arginine culture which suggests no direct involvement of 3 8 3 NIT2-mediated regulation in the N-starvation responses invoked in the arginine 3 8 4 cultures (Fig. S3 ). Together, these results suggest that the same gene regulatory 3 8 5 mechanism triggered by N starvation becomes activated during arginine growth 3 8 6 independently of NIT2-dependent transcriptional regulation. reinhardtii. Mixotrophic arginine cultures showed a dramatic reduction in the 3 9 3 cellular chlorophyll contents down to 66% of the levels found in NH 4 + cultures 3 9 4
and visibly manifested as pale green cultures (Table 1 ; Fig. 3A ). In contrast, 3 9 5
other photosynthesis measures such as maximum photosynthetic productivity (F V 3 9 6 / F M ), photosynthetic efficiency (ΦPSII), and chlorophyll a/b ratio in arginine 3 9 7 cultures were not significantly different from those in NH 4 + cultures. These results 3 9 8
suggest that chlorophyll reduction is a direct response to N starvation signaling 3 9 9
and not due to imposed stress (Table 1) antenna size compared to NH 4 + -grown cells ruling out a smaller antenna size as 4 1 0 the cause for increased photosynthetic productivity (Fig. 3D) . Overall, the 4 1 1 arginine culture showed reduced chlorophyll content without compromising the 4 1 2 photosynthetic capacity nor reducing the antenna size. number of lipid droplets found in the arginine cultures were less than those 4 2 3 observed in cells starved of nitrogen for three days in either mixotrophic or 4 2 4 phototrophic conditions. Strain specific differences in oil body formation could be 4 2 5 due to variable carbon flux towards starch biosynthesis that increases during N 4 2 6 starvation. To assess the overall carbon flux into storage molecules, we 4 2 7 examined the starchless mutant, sta6, that diverts all storage carbons to lipids. 4 2 8
The large number and size of lipid droplets in arginine-grown sta6 cells attests to 4 2 9 increased flux toward carbon storage molecules (Fig. 4A) . Consistent with the 4 3 0
Nile red staining results, the TAG contents based on gas chromatography were 4 3 1 27% and 317% higher in the arginine-grown cells than the NH 4 + -grown cells for 4 3 2 21gr and sta6, respectively (Fig. 4B ). Quantitative analysis of the FAME content 4 3 3
showed that TAGs account for ~20% of the cellular fatty acid (FA) content in 4 3 4 arginine-grown sta6 cells in contrast to <10% in NH 4 + -grown cells (Fig. 4C) . To assess whether arginine catabolism directly contributes to the organic carbon 4 5 7 pool, we examined arginine-cultures in the absence of photosynthesis. ) (Fig. 6A) . The robust cia5 growth could be 4 7 8
explained by an active CCM via a CIA5-independent pathway and/or an unknown 4 7 9 mechanism that suppresses photorespiration. To assess whether the CCM 4 8 0 becomes active in arginine cultures, we examined starch sheath formation 4 8 1 surrounding the pyrenoid at the center of the chloroplast as the hallmark of active 4 8 2 CCM (Ramazanov et al., 1994; Moroney & Ynalvez, 2007) . The majority of NH 4 + -4 8 3 grown cells developed a robust starch sheath in ambient CO 2 , whereas the 4 8 4 arginine-grown cells formed an incomplete or no starch sheath indicating that the 4 8 5 CCM is not fully operating in arginine cultures (Fig. 6B) . These results suggest 4 8 6 that arginine cultures may produce a significant CO 2 concentration enough for 4 8 7 efficient Rubisco activity independently from the CIA5-dependent CCM. We examined phototrophic arginine cultures for N starvation responses as it 4 9 2 appears evident that arginine culture affects carbon fixation. The phototrophic 4 9 3 arginine cultures upregulated N starvation marker genes by 100-100,000-fold like 4 9 4 the mixotrophic cultures (Fig. S4 ). One exception is LAO1 which was not 4 9 5 upregulated in the arginine-grown 21gr strain. All measures related to 4 9 6 photosynthesis including cellular chlorophyll contents were found comparable 4 9 7 between the NH 4 + and arginine cultures in phototrophic conditions ( Table 2 ). The 4 9 8 only noticeable difference was a two-fold increase in the oxygen evolution rate in 4 9 9 the arginine cultures, which was also observed in mixotrophic cultures (Fig. S5 ). 5 0 0
Improved C-fixation efficiency may explain increased photosynthetic productivity 5 0 1 with marginal improvements of F V / F M and PSII operating efficiency in the 5 0 2 arginine cultures. 5 0 3 5 0 4
Genome survey suggests that arginine catabolism is confined in the chloroplast 5 0 5 5 0 6
Our results so far suggested that arginine catabolism bypasses the N-status 5 0 7 monitoring system and does not directly contribute to the cellular C content but 5 0 8 promotes photosynthetic efficiency by an unknown mechanism. Therefore, we 5 0 9 investigated plausible routes of arginine catabolism according to those present in 5 1 0 the C. reinhardtii genome. Higher plants use arginine as a N storage molecule 5 1 1 whose utilization is primarily dependent on arginase activity that is lacking in C. 5 1 2 reinhardtii (reviewed in Winter et al., 2015) . Similarly, no gene or protein activity 5 1 3 has been found in C. reinhardtii for arginine-dependent nitric oxide synthase. 5 1 4
This leaves two possible enzymatic pathways for arginine catabolism: one begins 5 1 5 with arginine deiminase (ADI) and the second with arginine decarboxylase 5 1 6 (ADC). All candidate genes involved in arginine catabolism are listed in Table S2 .
Activity of the ADI pathway was observed when cells were grown in arginine and 5 1 9
was therefore reported as the major route (Sussenbach & Strijkert, 1969) . ADI is 5 2 0 predicted to be localized to the chloroplast together with the arginine biosynthesis 5 2 1 pathway (Table S2) . ADI cleaves the amine group from the ureido group of 5 2 2 arginine to produce citrulline and NH 4 + (Oginsky & Gehrig, 1952; Petrack et al., 5 2 3 1957) . Citrulline may be further processed into ornithine and carbamoyl 5 2 4
phosphate by the single ornithine carbamoyltransferase (OTC) in C. reinhardtii.
2 5
However, the otc1-null mutant, arg4, was shown to grow well with arginine as the 5 2 6 sole N source, indicating a minor role of OTC in arginine catabolism (Loppes, 5 2 7 1969). A later study reported that the majority of citrulline was degraded into 5 2 8 organic acids without releasing ornithine, NH 4 + , or CO 2 which thereby excluded 5 2 9
OTC and citrulline hydrolase from the candidate pathway of arginine catabolism 5 3 0 (Sussenbach & Strijkert, 1970) .
The evidence supporting the ADC pathway is much weaker. ADC cleaves the 5 3 3 carboxyl group of the amino acid group releasing agmatine and CO 2 . ADC 5 3 4
homologs have been reported in plants and several Chlorella species but not in 5 3 5 C. reinhardtii (Cohen et al., 1983; Bell & Malmberg, 1990; Hanfrey et al., 2001) . If 5 3 6 present, we consider the ADC pathway to play a minor role from the following 5 3 7
observations. First, the agmatine catabolic enzymes, encoded by two agmatine 5 3 8
hydrolase genes (AIH1 and AIH2), are predicted to localize to the mitochondria 5 3 9 meaning the ADC pathway would likely be directed to the mitochondria (Table  5  4  0 S2). However, our evidence of increased photosynthetic productivity and 5 4 1 mitigation of requisite CCM in ambient CO 2 during arginine culture argue towards 5 4 2 chloroplastic catabolism for arginine (Fig. 3B, C & 6) . Secondly, the upregulation 5 4 3 of AIH2 in N-starved and arginine conditions was transient ( sole N source (Alonso et al., 2000; Bowler et al., 2008; Allen et al., 2011) . As in 5 5 8 C. reinhardtii, many lipid droplets were found in P. tricornutum when grown solely 5 5 9
with arginine for five days (Fig. 8) . A fluorescence based semi-quantitative assay 5 6 0 showed two-to seven-fold higher neutral lipid contents during a seven-day 5 6 1 growth period. Similar lipid accumulation suggests that the putative mechanism 5 6 2 triggered by arginine cultures may be conserved across diverse photosynthetic
In this report, we showed that arginine cultures display a series of N starvation 5 6 8 responses including gametogenesis, induction of N catabolite genes, reduced 5 6 9 cellular chlorophyll contents, and an increased carbon flux towards storage 5 7 0 without an apparent growth impairment. Thus, arginine cultures may trigger the 5 7 1 same signaling that induces N starvation responses during N starvation and help 5 7 2 to distinguish N starvation-specific responses from generic stress responses. The 5 7 3 N starvation responses in arginine cultures were also observed in a diatom, P. 5 7 4 tricornutum, suggesting the generalizable effects of the arginine cultures. (Quesada et al., 1993; Quesada & Fernández, 1994 In NH 4 + cultures, the main flux of NH 4 + is passing through the cytosol to the 5 9 5 chloroplast where it is assimilated via the glutamine synthetase (GS)/Fd-5 9 6 glutamate synthase (GOGAT) cycle. C. reinhardtii also possesses a cytosolic GS 5 9 7
which is predicted to play a minor role in NH 4 + assimilation as no cytosolic 5 9 8
GOGAT is present (Fischer & Klein, 1988) . Fluctuating NH 4 + results in changes in 5 9 9
glutamate and α -ketoglutarate levels that are rapidly equilibrated between the 6 0 0 cytosol and chloroplast via translocators in the 2-oxoglutarate/malate transporter 6 0 1 (OMT) and dicarboxylate transporter (DCT) classes (Weber et al., 1995; 6 0 2 Taniguchi et al., 2002; Miura et al., 2004) . Accordingly, many amino acids and 6 0 3 organic acids, including glutamate and α -ketoglutarate, exhibit drastic reduction 6 0 4 during N starvation (Park et al., 2015) and are therefore prime targets for N 6 0 5 starvation sensation. Arginine is among the many metabolites fluctuating during N starvation and it 6 1 0 may directly trigger cellular responses. Bacterial species within Pseudomonas 6 1 1
and Streptococcus possess the arginine catabolism operon, arcDABC, whose 6 1 2 expression is regulated by the hexameric transcriptional repressor ArgR that 6 1 3 forms a complex when bound to arginine (Lim et al., 1987; Gamper et al., 1991; 6 1 4 Fulde et al., 2011) . In C. reinhardtii, the characterized arginine catabolic 6 1 5 activities, ADI and citrulline degradation, were shown to be induced in the 6 1 6
presence of arginine but also in N-free medium (Sussenbach & Strijkert, 1969) . 6 1 7
Arginine catabolic enzymes may be induced by N starvation signals rather than 6 1 8 directly by their substrate arginine. 6 1 9 6 2 0
If an arginine-sensing mechanism exists it likely responds to an internal source of 6 2 1 arginine rather than an external one as arginine in the environment would be 6 2 2 extremely rare. The arginine content transiently rises during the first hour of N 6 2 3 starvation together with putrescine and urea, whereas many amino acids and 6 2 4 organic acids including glutamate and α -ketoglutarate show drastic reduction 6 2 5
( Park et al., 2015) . The surge of arginine after N starvation may be caused by a 6 2 6 sudden decrease of the chloroplast glutamine pool that releases N-acetyl-L-6 2 7 glutamate kinase (NAGK) from arginine feedback inhibition allowing shuttling of 6 2 8 glutamate into arginine biosynthesis (Chellamuthu et al., 2014) . This arginine 6 2 9 surge would quickly be resolved via activation of arginine catabolism and the 6 3 0 restoration of arginine negative inhibition on NAGK. Therefore, if arginine sensing 6 3 1 exists it may be involved in triggering the N starvation responses. reinhardtii. Detailed gene and expression information is provided in Table S2 . 
